Piles driven into low permeability soils gain capacity over time. This capacity gain, often called "set-up" or "freeze", is believed to be controlled by the mechanisms of effective stress increase due to the dissipation of excess pore pressures built up during driving and stress independent phenomena such as strength increase due to thixotropic bonding. Practical efforts have been recently made to quantify time dependent pile capacity and develop a methodology of incorporating it into pile design by utilizing insitu testing.
INTRODUCTION
Time dependent pile capacity gain (i.e. "setup" or "freeze") has long been known to occur for piles driven into cohesive soil deposits. Two primary mechanisms are believed to control pile setup in cohesive soils: effective stress increase due to the dissipation of excess pore pressures built up during driving and stress independent phenomena such as strength increase due to thixotropic bonding (e.g. Skempton and Northey, 1952, and Mitchell, 1960) . Of these two factors, the governing factor in the capacity gain is the dissipation of the excess pore water pressure (Paikowsky, et al., 1995) . The excess pore pressure caused by soil remolding and shearing during driving lowers the effective stress along the pile shaft during the extent of the buildup. Total stress around the pile also increases due to the displacement of the soil by the pile. As this pore pressure dissipates, the effective stress increases, causing an increase in the shear strength of the soil. Vesic (1977) stated that there is concrete evidence that the skin friction of piles is controlled by the effective stresses surrounding the pile shaft. Only recently have studies tried to quantify capacity gain and relate it to observable quantities such as pore pressure dissipation (Paikowsky et al., 1995, Paikowsky and Hart, 2000) .
Various researchers have examined time dependent pile capacity gain, such as Seed and Reese (1957) , Randolph et al. (1989) , Skov and Denver (1988) , Fellenius et al. (1989) , Bullock (1999) and McVay et al. (1999) among others. Of these various studies, the following relationship between capacity gain and time proposed by Skov and Denver (1988) has been the most widely referred to in practice. 
Where: Q = Capacity at time t t = Time since initial driving Q o = Capacity calculated for time t o t o = Time elapsed after initial driving from which the increase in capacity is linear on a logarithmic scale A = Correlation factor for different soil types (dimensionless) Figure 1 presents the Skov and Denver equation in graphical form. This equation has been used to model time dependent pile capacity gain for a number of soils (e.g. Camp and Parmer, 1999 and McVay et al., 1999) . In addition, several researchers have modified the Skov and Denver equation to account for side friction only (Bullock, 1999) or for the capacity at end of driving within the equation (Svinkin and Skov, 2000) . In addition, efforts have been undertaken to correlate the setup factor A with standard penetration test-torque (SPT-T) measurements (Bullock and Schmertmann, 2003) . Skov and Denver equation fits most of the presented case histories well due to the fact that the data in Figure 1 relates to uniform pile crosssections (Skov, 1996) . As such, several limitations prohibit its generic practical use in the design and construction of deep foundations (Paikowsky et al., 1995) , namely:
• Pile size (cross-section) is not taken into account. Therefore, the values of 'A' in equation 1 can vary significantly for various pile types and sizes even for a given site.
• The parameters t o and A must be back-calculated for each soil, pile type, and pile size for any given site. Therefore, in order to predict the rate of capacity gain at any given site, testing over time must be performed. However, if testing over time is required, the purpose of methods to predict time dependent pile capacity gain is overlooked.
• An ultimate capacity cannot be determined from the equation. Consequently, no timeframe can be determined for the ultimate capacity. Figure 1 . Time Dependent Capacity Gain Formula (Skov and Denver, 1988) An alternative method of modeling time dependent capacity gain within cohesive soils using normalized relationships was proposed by Paikowsky et al. (1995) . With this procedure, pile capacity is normalized with respect to the maximum pile capacity, allowing for comparison between capacity gain curves of different pile types and sizes. When plotted on a logarithmic time scale, a linear section of the capacity gain curve can typically be observed between 40% and 90% of full capacity. The slope of the best-fit line through this linear portion of the curve was designated by Paikowsky et al. (1995) as the pile capacity gain parameter C gt, representing the rate at which the pile's capacity increases. Using this method of data representation, the units for the C gt parameter can work out to be percent capacity gain, in decimal form (dimensionless), per hour. Because the data are plotted on a logarithmic scale, the units of time are inconsequential and regardless of the time units, the C gt parameter remains the same. An example of the normalized pile capacity gain with time is presented in Figure 2 . 
Where: R (t) = The pile capacity at time "t" within the linear zone R max = The maximum pile capacity t = Time since the pile driving (seconds) C gt = 0.573.
In order to relate time dependent pile capacity gain to excess pore pressure dissipation, normalized pore pressure relationships were established as well. A typical normalized excess pore pressure plot with time is presented in Figure 2 . The excess pore pressures are plotted on the left vertical axis and were normalized by the initial pore water pressure generated during the penetration process. This form of normalization allows comparison between different dissipation curves and, hence, develops representative values.
As shown in Figure 2 , a linear relationship exists between about 20% to 80% of the dissipation (i.e. consolidation) process. Paikowsky et al. (1995) showed that for most dissipation curves, the linear portion of the curve extends over an even greater range. The absolute value of the best fit line through this linear portion of the dissipation curve is defined as the horizontal pore pressure dissipation parameter H ut . For the example in Figure 2 , the equation of the line is the following:
Where: Δu = Excess pore pressure at time "t" within the linear zone Δ u i = Initial excess pore pressure t = Time since the pile driving (seconds) H ut = 0.556
The C gt and H ut parameters represent the rate of capacity gain and normalized pore pressure decrease, respectively, regardless of pile size. These parameters do not account, however, for pile size that dictates the absolute time associated with either pore pressure migration or capacity gain. In order to account for pile size with respect to time, the radial consolidation formulation proposed by Soderberg (1962) was used in a normalized fashion by Paikowsky and Whitman (1990) resulting with the following relationship between pile size and excess pore pressure dissipation:
Where: t 1 = Dissipation time for pile 1 t 2 = Dissipation time for pile 2 R 1 = Pile 1 radius R 2 = Pile 2 radius Equation 4 assumes that the magnitude of soil stresses and pore pressures are not affected by the diameter of the pile. Pile size controls the extent of the pore pressure buildup around the pile and, hence, the relationship in equation 4 can be used for time dependent pile capacity gain assuming that excess pore pressure dissipation is the governing factor controlling pile capacity gain in cohesive soils. The validity of the relationship in equation 4 was confirmed for normally consolidated cohesive soils (i.e. OCR=1-2) by Paikowsky et al. (1995) using a large database of driven piles' case histories containing pore pressure dissipation with time.
The normalized time-radius relationship can be used in conjunction with specific times of the capacity gain and excess pore pressure dissipation parameters to account for pile size with time. For the rate of capacity gain, a specific time of 75% of capacity gain, labeled as t 75 , was selected. Seventy-five percent was chosen because capacity gain curves do not range from zero to 100%, which is the range of the consolidation curve. Since the capacity gain curve begins somewhere around 15-25%, t 75 time is more representative of what occurs during the middle of the capacity gain process and represents the practical zone for which one aims at achieving pile capacity during construction. For the excess pore pressure dissipation curves, a specific time of 50% of excess pore pressure dissipation (i.e. t 50 ) was selected since this is the midpoint of the linear portion of the dissipation curve.
In order to compare different pile sizes, Paikowsky et al (1995) suggested adjusting the t 50 and t 75 times to the Piezo-Lateral Stress Cell (PLS) using the normalized relationships previously discussed. The PLS is a 1.51 inch (38.354 mm) diameter model pile introduced in 1978 by the Massachusetts Institute of Technology (MIT) (Morrison, 1984) . By examining the relationships between the rates of capacity gain (C gt ) and excess pore pressure dissipation (H ut ) and using the Paikowsky and Whitman normalized time-radius relationship, insitu measurements could be used to determine the time dependent capacity gain relationships for a specific site and be extrapolated for use with any pile size, type, or soil type. Furthermore, examination of large data sets of pore pressure dissipation in conjunction with time dependent pile capacity could be conducted without the variables of pile size and type. Refer to Paikowsky et al. (1995) for additional details.
NEWBURY SITE TESTING
The experimental portion of the project investigating time dependent pile capacity gain in the Boston, Massachusetts's area included instrumented model and full-scale pile tests. The tests were conducted at a geotechnical engineering research site that was established at a bridge reconstruction located along US Route 1 on the border between Newbury and Newburyport, Massachusetts. Details of this research project are presented by . The Newbury Site was considered suitable for investigating time dependent pile capacity gain since a deposit of Boston Blue Clay, approximately 13m (42.5ft) thick, is located close to the surface. This deposit allows the assessment of time dependent pile capacity gain over a finite pile length sufficient to assume radial consolidation, and the soil stratigraphy of the site is typical of the general subsurface formations found in the Boston area.
An extensive field and laboratory study of the site was conducted to detail the physical characteristics and engineering parameters of the subsurface (Paikowsky and Chen, 1998) . The general soil profile at the Newbury Site (from ground surface downward) consists of the soil strata listed in Table 1 and presented in graphical form in Figure 4 .
The model pile testing was conducted using the Multiple Deployment Model Pile (MDMP), which is an in situ soil testing device composed of a series of modular sensors that are mounted (screwed) together in any desired configuration. The MDMP instrumentation includes three load cells, three accelerometers, a displacement transducer, a pore pressure transducer, and a total pressure cell. Total capacity, load transfer, and time-dependent information can be determined from these measurements. The MDMP can be used to model large displacement piles by using a closed-ended tip while small displacement piles can be modeled by using an openended tip. The model pile can be installed and tested at various depths using most soil test boring rigs via adapters that connect the pile to N size drill rods. A typical configuration of the modular MDMP is shown in Figure 5 . Additional details concerning the design and construction of the MDMP are provided by Paikowsky and Hart (2000) . The first field deployment of the MDMP was conducted at the Newbury site during March 1996. Two (2) testing elevations within a single boring, labeled as NB2 and NB3, were selected. At each of these test elevations, a series of constant rate of penetration static load tests were preformed to a pre-determined amount of displacement (typically 12.5mm). Test elevation NB2 was conducted with the pore pressure and radial stress housing centered at elevation -1.81m (-5.94ft), while test elevation NB3 was conducted with the pore pressure and radial stress housing centered at elevation -4.88m (-16.01ft ). The two test elevations are shown relative to the general soil profile in Figure 4 .
A summary of the individual static load tests for NB2 and NB3 are presented in TP#3 is a 356cm (14in) square pre-cast, pre-stressed concrete (PPC) pile, 24.4m (80ft) long. TP#3 was instrumented with six (6) VCE-4000 vibrating wire strain gages and four (4) Model 4500 vibrating wire piezometers. Each gage was manufactured by Geokon, Incorporated of Lebanon, NH. In addition, four (4) telltales were installed along the pile. The various gages were numbered sequentially from the pile top down. The layout of TP#3's instrumentation is presented in Figure  4 relative to the soil profile. The design and construction of TP#3 is described in detail by Paikowsky and Hajduk (1999) and . Dynamic, static, and static-cyclic axial load testing was performed on TP#3. Dynamic testing was performed at the end of driving (EOD) and during various dynamic restrikes (R) and were conducted in accordance with ASTM D4945. Pile capacity from the dynamic load testing was determined using signal-matching program CAPWAP, developed and marketed by GRL Engineers, Inc. of Cleveland, Ohio. The various static load tests were performed in accordance with the slow maintained (SM) method of ASTM D1143, the short duration (SD) load testing of Massachusetts Building Code (MBC), or the static-cyclic (SC) procedures detailed by . For the SM and SD static load tests, the offset failure (i.e. Davisson's) criterion (Davisson, 1972) was used to determine the total pile capacity.
Davisson's criterion is commonly used in geotechnical practice throughout the US and has been statistically shown to be the best overall method for determining failure of deep foundations and was therefore chosen as the single method to be used when analyzing load-displacement curves for LRFD deep foundation design Stenerson, 2000, Paikowsky, 2004) . For the SC static load tests, pile failure was determined in accordance with the methodology presented by .
A summary of the various axial load tests on TP#3 is presented in Table 5 . The excess pore pressure dissipation and total pile capacity gain results for TP#3 are presented in Figure 8 while the excess pore pressure dissipation and segmental pile capacity gain within the Boston Blue Clay (BBC) results are presented in Figure 9 . In addition, the values for rate of capacity gain (C gt ) and time to 75% capacity gain (t 75 ) and the pore pressure dissipation rate (H ut ) and time to 50% pore pressure dissipation (t 50 ) for TP#3 are presented in Tables 3 and 4 , respectively. Using the data presented in Table 3 and Figures 8 and 9 , the time rate of capacity gain (C gt ) and the time to 75% dissipation (t 75 ) were determined from best fit lines through the data points. As shown in Figures 8 and 9 , the excess pore pressure dissipation increases at approximately 1750 hrs (73 days) from the start of driving (SOD) of TP#3. This increase is due to the driving of the adjacent TP#2. Dynamic restrikes R5 and R6 as well as SLT2 where conducted while excess pore pressure from the installation of TP#2 was still dissipating. Therefore, while the results of these tests are presented, they are not used in calculation of the C gt or t 75 values.
SUMMARY AND CONCLUSIONS
Time dependent pile capacity gain was examined at a specific site (i.e. Newbury site) using instrumented model (i.e. MDMP) and full-scale piles. Both the MDMP and full-scale piles were equipped with instrumentation that allowed for total and segmental pile capacity gain as well as excess pore pressure dissipation measurements.
Based on the presented data and analyses, the following conclusions are drawn:
1. The rate of capacity gain denoted by the parameter C gt from the MDMP and TP#3 BBC segmental results at the Newbury Site are approximately 1.6 times higher than previously data complied by Paikowsky et al. (1995) . The overall TP#3 C gt values for both the static and dynamic load testing have an excellent correlation with the data presented by Paikowsky et al. (1995) . This suggests that the overall time rate of capacity gain is a weighted value between the various soil type pile capacity gains. 2. The excess pore pressure dissipation rates for both the MDMP and TP#3 within the Boston Blue Clay (BBC) were nearly identical. The H ut values presented fall within the range of recorded values for all normally consolidated soils (from 0.325 to 0.763), but indicates a faster dissipation than the mean value of Hut=0.466±0.089 (33 cases) determined from previously complied data (Paikowsky et al. 1995) . 3. The times to 75% capacity gain (t 75 ) obtained at the Newbury Site are also larger than the ones obtained at other locations, resulting in an overall longer capacity gain time even though the capacity gain was faster. Possible reasons for this include the fact that rarely (if at all) were any of the capacity gain rates in the database based on a complete monitoring of the skin friction from a very short time after installation to the end of consolidation and the excess pore pressure disturbance from installation of TP#2. 4. The time to 50% excess pore pressure dissipation (t 50 ) normalized to the PLS Cell for the MDMP and TP#3 within the Boston Blue Clay, while higher than the average values presented by Paikowsky et al. (1995) , are within one (1) standard deviation of the presented values.
